yocardial reperfusion is necessary for the salvage and recovery of the ischemic myocardium. Early reperfusion therapy has improved the clinical outcomes of patients with acute myocardial infarction (AMI), but these benefits are limited in some patients by reperfusion injuries. 1 There is now increasing evidence that reactive oxygen species (ROS) lead to reperfusion injuries in the ischemic myocardium and that they are related to subsequent left ventricular (LV) dysfunction. 2,3 Recent investigations have shown that increased vascular oxidative stress predicts the risk of cardiovascular events in patients with coronary artery disease. 4 Various different radical scavengers and antioxidants have been shown to effectively reduce reperfusion injury in experimental models. 5, 6 In these ischemia-reperfusion models, it was demonstrated that radical scavengers such as superoxide dismutase and vitamin E analog reduced infarct size by limiting reperfusion-induced oxidative stress and by attenuating the inflammatory response. On the basis of this established scientific rationale, several randomized controlled trials were designed to prove or disprove the causative effects for antioxidant supplements. 7-10 Unfortunately, results of these studies on antioxidants and cardiovascular event risks have been disappointing, especially in regards to the studies investigating primary prevention. Namely, each study has several limitations to test therapeutic agents in clinical practice, mainly because of their low accessibility to tissue or rapid clearance from the body. 11, 12 In contrast, edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one), has a low molecular weight (174.20 kD), is lipophilic, and is readily accessible to tissue. 13, 14 Edaravone has the ability to scavenge toxic free radicals; moreover, it has been shown to inhibit vascular endothelial cell injury and to inhibit the aggravation of brain edema caused by free radical-induced lipid peroxidation. 15 Recently, edaravone has been officially approved for the treatment of acute ischemic stroke in Japan. 16 Previous experimental studies have reported that the administration of edaravone just before reperfusion reduced reperfusion injuries and myocardial damage in myocardial ischemia-reperfusion animal models. 17, 18 Edaravone has been shown to attenuate pressure overload-induced LV hypertrophy via its antioxidant function according to a recent report. 19 With these effects, edaravone has been recognized as both a potent cardioprotective and a cytoprotective agent. We have recently demonstrated that the administration of edaravone just prior to myocardial reperfusion attenuated both enzymatic infarct size and reperfusion arrhythmia in patients with AMI; 20 however, its effects on long-term clinical outcomes in AMI patients have not yet been clarified. The purpose of the present study was to clarify the efficacy of edaravone on the long-term prognosis in patients with AMI. 
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Methods

Patients and Study Design
The present study was a randomized, placebo-controlled, open-label study involving 104 patients with initial AMI admitted to our institution from April 2001 to July 2004, who fulfilled the following inclusion criteria: (1) admission within 6 h of symptom onset; (2) coronary angiography performed immediately after admission; and (3) emergency percutaneous coronary intervention (PCI). The diagnosis of AMI was made on the basis of chest pain persisting for ≥30 min, ST-segment elevation of >0.2 mV in ≥2 contiguous leads on a standard 12-lead electrocardiogram (ECG), and elevation of the serum creatine kinase (CK)-MB isoenzyme level to more than twice the upper limit of the normal level. During the study period, 104 patients, all of whom had had an occluded culprit lesion in the proximal segment of a major coronary artery that persisted after an intra-coronary nitrate injection, were initially enrolled. Of these, 101 patients were randomly divided into either an edaravone group (n=50, 40 men; mean 63±2 years) or a placebo group (n=51, 35 men; mean 63±2 years). On admission, we excluded 2 patients with renal insufficiency defined as serum creatinine >1.2 mg/dl; and we also excluded 1 patient with altered hepatic function, defined as serum asparate aminotransferase >50 IU/L, alanine aminotransferase >50 IU/L, and total bilirubin >1.2 mg/dl. In the edaravone group, 30 mg edaravone was intravenously infused for 10 min as soon as we confirmed their infarct-related coronary arteries were occluded during coronary angiography; the saline solution was administered as a placebo in the placebo group. The study protocol was in agreement with the guidelines of the Ethics Committee at our institution, and written informed consent was obtained from each patient before they were enrolled in the present study.
Reperfusion Therapy
Primary PCI was performed instantly and we thereby obtained coronary reperfusion immediately after we confirmed completion of edaravone or placebo infusion. Pre-hospital thrombolysis, distal protection devices and intracoronary thrombolysis, which have been shown to have some efficacy with regards to the prognosis of AMI, were not performed in the present study. In all patients, we succeeded in implanting coronary stents at the culprit lesion to prevent acute coronary occlusion, which is likely to occur after balloon angioplasty alone. The use of concomitant medication was comparable between the groups. Patients were routinely treated with aspirin (100-200 mg/day, indefinitely) and ticlopidine (200 mg/day for 2 weeks after coronary stenting). In both groups, an initial bolus of 130 U/kg heparin was given; additional boluses of heparin were administered during the procedure to maintain an activated clotting time of 300 s.
Determination of Infarct Size and Monitoring of Reperfusion Arrhythmias
Blood samples were obtained before and immediately after reperfusion, then at 6, 12, 18, 24 h and at 3, 5, 7 and 14 days after reperfusion. Serum biomarkers were measured by using a standard enzymatic method. We monitored ECGs continuously and compared the incidence of reperfusion arrhythmia such as ventricular tachycardia or ventricular fibrillation. Ventricular tachycardia was defined as ≥6 consecutive premature ventricular contractions.
Incidence of New Q Wave
In recent years the presence or absence of a Q wave has also been used as a surrogate marker to determine infarct size. In the GUSTO angiographic study, in the early convalescent period after fibrinolytic therapy, the 20% of patients who did not develop Q waves had better global and regional LV function as well as improved 2-year survival rates. 21 We compared the incidence of a new abnormal Q wave in ≥2 contiguous ECG leads at 2 weeks after reperfusion therapy between the 2 groups.
Long-Term Follow-up
Clinical long-term follow-up was performed via a medical examination at our clinic or telephone contact. Information about potential cardiovascular events was confirmed by source data, including charts of hospital stays, discharge letters, analysis of coronary angiograms or ECGs, and laboratory data. We defined cardiovascular events as any of the following: (1) cardiac death; (2) non-fatal myocardial reinfarction; (3) refractory angina pectoris; (4) ischemic stroke; or (5) heart failure requiring admission. Cardiac death was defined as death from myocardial infarction (MI) or documented sudden death. Myocardial reinfarction was defined as follows: (1) prolonged chest pain (>30 min); (2) new ECG changes (including ischemic ST-segment elevation or depression or pathologic Q waves); (3) increased CK-MB isoenzyme and total CK levels more than twice the upper limit of normal. Refractory angina pectoris was defined as exertional angina, angina at rest, or both, which could not be controlled with a combination of antianginal drugs, thereby requiring hospitalization. Ischemic stroke was diagnosed based upon the presence of a neurologic deficit, as confirmed by computed tomography or magnetic resonance imaging.
Serial Determination of Oxidative Stress Markers
Thioredoxin is a stress-inducible protein, the expression of which is increased by various types of stress, including oxidative stress. 22, 23 A previous study by Nakamura et al has shown that plasma/serum levels of thioredoxin are elevated under oxidative-stress-associated disorders such as viral infections or ischemia -reperfusion. 24 Recently, human thioredoxin has been quantitatively measured as a marker of oxidative stress by a sandwich enzyme-linked immunosorbent assay (ELISA). 24, 25 In the present study, 33 patients, who agreed to give additional blood samples, had serum thioredoxin levels examined to verify the effect of edaravone as a free radical scavenger in patients with AMI. A sandwich ELISA method for human thioredoxin was provided by FujiRebio (Tokyo, Japan) and used as described in previous studies. [24] [25] [26] [27] 
Statistical Analysis
All data are expressed as mean ± SEM. Comparisons of age, serum cholesterol, triglyceride and uric acid between the 2 groups were performed with a 1-way analysis of variance followed by Scheffé's test, and the other baseline characteristics were compared by using the chi-square test. We plotted cumulative event curves using Kaplan -Meier survival methods analysis and tested differences between the curves for statistical significance using log-rank analysis. A Cox proportional hazards regression analysis was performed to identify independent predictors of cardiovascular events. P values <0.05 were considered to be statistically significant.
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Results
Comparison of Clinical Characteristics
The baseline clinical characteristics of the present study subjects are shown in Table 1 . There were no significant differences in age, male gender, pre-infarction angina, the rate of anterior MI, coronary risk factor, or lipid profile between the 2 groups. Eighty-four percent of the patients in both groups were in Killip class I on admission. There were no significant differences in ischemic duration between the 2 groups (3.5±0.3 h in the edaravone group, and 3.4±0.5 h in the placebo group; p=NS), and in all cases, the primary PCI was performed against a culprit lesion, and successful reperfusion (defined as the achievement of Thrombolysis In Myocardial Infarction (TIMI) 28 grade 3 flow) was obtained within 6 h of symptom onset in all cases. Although a large variety of bare metal stents were used, the frequency in the use of each stent type was comparable between the groups. There were no significant differences in pharmacotherapy, including angiotensin-converting enzyme (ACE) inhibitor or -blocker use between the 2 groups. In the edaravone group, no patients suffered any adverse effects from the use of edaravone, such as renal insufficiency or altered hepatic function. In addition, there were no significant differences not only in terms of ischemic duration but also in terms of the distribution of infarct-related arteries between the 2 groups.
Comparison of Enzymatic Infarct Size and Reperfusion Arrhythmias
As we have already reported, the short-term effects of edaravone on infarct size and reperfusion arrhythmias were established again in the present study with a larger sample size than in our previous study. 20 The distribution of infarctrelated occluded arteries and hemodynamic parameters were similar in the 2 groups (Table 1) . Although there were no differences in the duration of ischemia from symptom onset to reperfusion between the 2 groups, the peak levels of CK-MB and CK were significantly lower in the edaravone group than in the control group, as shown in Table 2 (146±  13 vs In contrast, during the first 30 min after the coronary reperfusion, 8 patients had reperfusion arrhythmia such as ventricular tachycardia or ventricular fibrillation in the placebo group, while only 1 patient had reperfusion arrhythmia in the edaravone group (p=0.031).
Incidence of a New Q Wave
As shown in Table 2 , although abnormal Q waves were not observed on admission in any subjects, the incidence of a new Q wave was significantly lower in the edaravone group than in the placebo group 2 weeks after reperfusion (p=0.046).
Long-Term Follow-up and Prognosis of Patients
The mean follow-up period for all patients was 415±32 days (range, 4-1,185 days). In this analysis of long-term clinical outcomes (Table 3) , although only 1 patient experienced cardiovascular events (refractory angina pectoris) in the edaravone group, 8 patients experienced cardiovascular events (5 patients, refractory angina pectoris; and 2 patients, non-fatal MI; and 1 patient, ischemic stroke) in the placebo group. Almost all 7 patients, the ischemic cardiac events in the placebo group were caused by a total or sub-total occlusion based on the progression of coronary stenosis in an infarct-related artery. No instances of cardiac death and heart failure were observed during the study period. Fig 1 shows cardiovascular event-free curves analyzed by KaplanMeier method, and demonstrates that the cardiovascular event-free rates were comparatively high in both study groups; furthermore, log-rank analysis revealed that the event-free rate was significantly higher in the edaravone group than in the placebo group (p=0.045). Table 4 shows the results of multivariate Cox proportional hazards model analysis for cardiovascular events; the absence of edaravone use was the only independent predictor of cardiovascular events (p=0.038).
Serum Thioredoxin Levels
There were no differences in serum thioredoxin levels on admission between the 2 groups; however, the serum thioredoxin levels after reperfusion therapy were significantly lower in the edaravone group than in the placebo group. As shown in Fig 2, especially in the subacute phase, serum thioredoxin levels remained at lower levels in the edaravone group than in the placebo group.
Discussion
We have previously reported on the short-term efficacy of edaravone for reperfusion injury in patients with AMI and demonstrated that its administration before reperfusion reduces enzymatic infarct size and the incidence of reperfusion arrhythmias. 20 In addition, edaravone suppresses the deterioration of the LV ejection fraction (LVEF) immediately after reperfusion therapy. In other words, edaravone administration could inhibit almost all of the clinical manifestations of reperfusion injury, including myocardial stunning; however, there were no significant differences in LVEF at 2 weeks after reperfusion between the 2 groups, although LVEF in the edaravone group still tended to be higher.
In the present study, all patients received successful reperfusion with TIMI grade 3 flow by primary PCI within a few hours from the onset of symptoms, and were taking ticlopidine as well as aspirin; almost all were taking ACE inhibitors (98% in the edaravone group; 94% in the placebo group). It is possible, therefore, that these extremely effective modern therapies may have negated any possible significant differences in LVEF between the 2 groups at 2 weeks after the reperfusion therapy. It is also possible that LVEF, as assessed by echocardiography, might not have been sensitive enough to detect any significant differ- ences between the 2 groups in our previous study. In the present study, we compared not only serum cardiac markers, but also the presence of Q waves to reassess the effect of edaravone on preserved LV function in the convalescent stage. The incidence of a new Q wave was significantly lower in the edaravone group compared with the placebo group. This result could also dovetail with the concept that administration of edaravone on reperfusion might decrease infarct size in patients with AMI. Edaravone administration might be associated with well-preserved LV function as it actually prevents new Q-wave formation.
In contrast, another study conducted by Rajesh et al has recently reported that pretreatment with edaravone before prolonged ischemia prevents the opening of the mitochondrial permeability transition pores by inhibiting the cellular Ca 2+ overload because of oxidative stress and thereby reduces necrotic cell death in an experimental model. 29 Mitochondria are not only the enzymatic sources of ROS, but they are also a major target for ROS-mediated damage. Mitochondrial ROS generation may lead to a vicious cycle of mitochondrial dysfunction and additional ROS generation, which may play an important role in the development and progression of LV remodeling and failure. 30, 31 It is quite possible that edaravone may attenuate this vicious circle by preventing the opening of the mitochondrial permeability transition pores. In the clinical setting, we have previously investigated the correlation between ROS generation and coronary heart disease. [32] [33] [34] [35] Our previous studies have demonstrated that oxidative stress markers, including plasma thioredoxin levels, urinary biopyrrins and 8-hydroxy-2'-deoxyguanosine excretion, were elevated in patients with AMI. We have previously reported that increased ROS may predict subsequent cardiovascular events; however, it was still unknown whether edaravone administration reduces ROS generation during the clinical course of AMI in humans. In the present study, serum thioredoxin levels were attenuated just after reperfusion therapy in the edaravone group. In the subacute phase, significantly lower serum thioredoxin levels were maintained at a constant level in the edaravone group but not in the placebo group. The suppressing effect of edaravone on oxidative stress markers in the subacute phase seems not to be caused by the direct effect of edaravone, but by the indirect effects such as the infarct size reducing effect and the anti-inflammatory effect. Therefore, it is suggested that edaravone not only demonstrates a free radical scavenging effect by preventing the vicious circle of ROS generation, but also pleiotropic effects as a cardio-protective agent.
Kaplan-Meier analysis revealed that the cumulative event-free rate in the edaravone group was significantly higher than in the placebo group, even though the rate was comparatively high in both groups. In the multivariate analysis, the absence of edaravone use was the only independent predictor of cardiovascular events. In spite of these modern therapies, it appears that the administration of edaravone provides an additional positive effect and thereby it leads to improved long-term clinical outcomes. Recently, another study suggested that edaravone administration improved endothelial-dependent vasodilation through a decrease in ROS. 36 In addition, Janiszewski et al reported that transient increased ROS early after vascular balloon injury markedly amplified the late cellular response and induced a marked increase in neointimal thickening in chronic phase through a vascular redox signaling network. 37 Taking into consideration the fact that most of the ischemic cardiac events in the placebo group were based on the progression of coronary stenosis in the infarct-related arteries, the improvement in clinical outcome by edaravone may be due to its pleiotropic effects such as preservation of endothelial function and inhibition of neointimal proliferation.
Edaravone is therefore a useful cardio-protective agent which leads to good clinical outcomes; it does so by scavenging ROS excessively generated during the clinical course of AMI.
These findings provide additional evidence that oxidative stress may play an important role in the pathogenesis of reperfusion injury and that oxidative stress may contribute to cardiac events after reperfusion therapy. In conclusion, intravenous administration of edaravone just before reperfusion may reduce oxidative stress and improve the clinical outcome of AMI patients, in addition to its short-term effects on reperfusion injury.
